Background: The genome of the human gastric pathogen Helicobacter pylori encodes a 35 large number of DNA methyltransferases (MTases), some of which are shared among many 36 strains, and others of which are unique to a given strain. The MTases have potential roles in 37 the survival of the bacterium. In this study, we sequenced a Malaysian H. pylori clinical 38 strain, designated UM032, by using a combination of PacBio Single Molecule, Real-Time 39 (SMRT) and Illumina MiSeq next generation sequencing platforms, and used the SMRT data 40 to characterize the set of methylated bases (the methylome).
of the genome sequence was reported, where the HGAP assembled sequence was corrected 140 by the mapping of Illumina reads. The version described in this paper is CP005490.3. MTases. A total of 63,299 genomic positions were detected as methylated (m4C or m6A). 148 Seventeen functional MTases were identified, of which 14 could be confidently assigned to 149 their MTase sequence specificities based on formerly reported recognition sequences of 150 highly similar examples [38] . The methylated motif GANNNNNNNTAYG, which was 151 reported in H. pylori strain F32, was not assigned to a MTase in H. pylori UM032 genome. The remaining two systems demonstrated novel recognition motifs (GAAAG and 153 CYANNNNNNNTRG), which were not previously described in H. pylori. The detected 154 methylation motifs are summarized in Table 1 K747_03825. This is a BcgI-like Type IIG R-M system, comprising two S subunit genes (S1 179 and S2) and a hybrid gene (RM) encoding both MTase and REase domains ( Figure 1 ). The 180 two S subunit genes (K747_11950 and K747_11945) are separated by a homopolymeric G 181 repeat, which may have resulted in a previously intact single S subunit becoming split as a 182 result of a frameshift mutation. When the RM, S1, and S2 genes were overexpressed together 183 in E. coli, the palindromic motif CYANNNNNNNTRG was found to be methylated just as in 184 the genome. This R-M system was named HpyUM032XIII. Interestingly, when the S1 and S2 185 were artificially fused by "correcting" the frameshift and overexpressed with the RM, a 186 change of methylation pattern was observed leading to recognition of CYANNNNNNNTTC.
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This is a new specificity that was not detected in the methylome of H. pylori UM032 during 188 normal growth. It was named as HpyUM032XIII-mut1, indicating its artificially derived 189 sequence ( Figure 1 ). Expressing S2, but not S1, with the RM gene gave no activity. On the 190 basis of these results S1, which only encodes one TRD, must be responsible for recognition The complete genome sequence of the Malaysian H. pylori clinical strain UM032 was 221 obtained using PacBio sequencer as described in the previous study [ Table S2 , suggesting that they may be essential for the HpyUM032XIII, which resembles the BcgI system in that it consists of a fused RM 254 protein and a separate S protein, also differs from BcgI in that the genetic system encodes 255 two S genes, each of which is one half of the typical length of such genes. It seemed likely 256 that these "half-genes" resulted from a frameshift that had occurred in an ancestral, full-257 length S gene. Although such frameshift often abolish activity, the cloned system, including 258 RM, S1 and S2 demonstrated MTase activity recognizing the palindromic site 259 CYANNNNNNNTRG. Identical activity was observed when the S2 subunit was omitted, and 260 no activity was observed when S1 was omitted, suggesting the activity resulted from a 261 complex of RM and S1 alone. Surprisingly, when S1 and S2 were artificially fused, the 262 recognition sequence had changed and was now CYANNNNNNNTTC (Figure 1 ). These 263 observations indicate that S1.HpyUM032XIII must contain a TRD capable of recognizing the 264 half-site CYA. Active BcgI, which also recognizes a palindromic sequence, has a 265 stoichiometry of [(RM) 2 S] 2 [42], and HpyUM032XIII would have a similar stoichiometry, 266 where S is replaced by S1. S.BcgI and S1.HpyUM032XIII must each recognize only a single 267 half-site and therefore require dimerization for functionality. By fusing S1 and S2 into a Further studies are required to verify these hypotheses. strains are often present in the same niche, DNA methylation may act to limit recombination 301 between strains and thus preserve diversity. The assembled genome was scanned for homologs of R-M system genes using in-house, 366 BLAST-based software (E-value < 1e-11) to identify putative MTases as previously 
389
Mutations to correct the frameshift in the S subunit of K747_03825 and silent mutations to 390 stabilize polynucleotide repeat sequences were likewise introduced using Gibson Assembly.
391
For example, in K747_03825, the 12-bp repeat sequence GGGGGGGGGGGG was changed 392 to GGAGGAGGCGG, which simultaneously introduced silent mutations to prevent 393 replication slippage and shortened the length to 11, bringing S2 in frame with S1. The 394 expression of all MTase genes was under the regulation of the same E. coli P lac promoter 395 present in the pRRS vector. Primer sequences are shown in Table S1 . Recombinant constructs were used to transform E. coli ER2683. Restriction analysis was 398 performed to confirm that the bacterial transformants carried the desired plasmid construct.
18
The plasmid constructs were then used to transform E. coli strain ER2796, which lacks 400 endogenous MTase activity. The genomic DNA of the E. coli ER2796 recombinant strain 401 was subjected to SMRT sequencing to determine the resulting methylation pattern. Plasmid 402 sequences were confirmed by re-sequencing the PacBio reads against the plasmid reference. 
